Objective: The objective of this study was to conduct an economic evaluation of voriconazole compared with conventional amphotericin B deoxycholate (CAB) using data from a recently reported randomized comparative trial in patients with various underlying immunosuppressive conditions. This trial demonstrated the superiority of voriconazole in terms of clinical response, survival and safety when used as primary therapy for invasive aspergillosis.
Introduction
Invasive aspergillosis (IA) is a complex and frequently multifocal infection that is emerging as a major clinical problem. 1, 2 During the last 20 years in the USA, the frequency of invasive mycoses including aspergillosis has risen significantly to become the seventh leading cause of death in the infectious disease category. 3, 4 This rise corresponds to a substantial increase in the number of immunocompromised patients. 5 The most recent US National Centre for Health Statistics and 1997. 4 The case fatality for patients with IA is approximately 58% and is even greater in patients with central nervous system infection or disseminated aspergillosis (88%) or with diffuse invasive pulmonary disease (60%). 6 High mortality as a result of IA is also seen in patients who have undergone bone marrow transplantation (87%), liver transplantation (92-100%) 7, 8 or those with underlying HIV infection (86%). 6 An earlier study of bone marrow transplant patients also estimated the mortality directly attributable to IA to be high at 62% (CI 95 44-80%). 9 Few studies have specifically estimated the economic consequences of IA, but the associated financial burden is consistently high. In 1998, the total first year medical costs in the USA were estimated to be $674 million, 10 with an average annual cost per patient of $72 792. Of this, $36 867 was the extra hospitalization cost attributable to IA. The additional expenditure of treating aspergillosis is eight times higher than the per person average annual expenditure of $4094 on health care in the USA. 11 Conventional amphotericin B deoxycholate (CAB) and voriconazole are the only two antifungal medications currently approved as primary therapy for invasive aspergillosis infection in the USA. For decades, CAB has been the standard first line treatment for life-threatening invasive fungal infections, including IA. 12 However, response is suboptimal in severely immunocompromised patients 13, 14 with an overall success rate of 34%. 15 Its effective use is also limited because of a variety of toxic effects, the most significant being nephrotoxicity and acute infusion-related adverse events such as fever, chills and rigors. 16, 17 Second line treatments for IA in patients who are refractory or intolerant to CAB include lipid-based formulations of amphotericin, itraconazole and caspofungin. Evidence suggests that lipid formulations may be as efficacious as CAB but with fewer and less severe adverse effects 18 -20 and current practice is to initiate treatment with lipid formulations when clinically necessary. 13 However, the use of these products places a greater economic burden on institutional drug budgets due to their high acquisition costs. Both caspofungin and itraconazole have proven efficacy against aspergillosis infection but their comparative efficacy versus CAB has not been prospectively demonstrated.
The dose-limiting toxicity associated with CAB and the limited clinical proof of success with other agents indicate a substantial unmet medical need in this area.
Voriconazole is a new second-generation antifungal triazole with a broad spectrum of activity against fungal pathogens. In the Global Comparative Aspergillosis (GCA) study, the largest comparative trial conducted in IA, 21 the efficacy and safety of voriconazole (n = 144) for the primary treatment of acute IA were compared with CAB (n = 133). This study demonstrated that initial therapy with voriconazole resulted in a better clinical response (P < 0.0001) (complete or partial resolution of all attributable symptoms, signs, radiographic/bronchoscopic abnormalities present at baseline) and improved survival (P < 0.02). Discontinuations as a result of adverse events were also less frequently seen in the voriconazole group (P = 0.02). The acquisition cost of voriconazole however was higher than CAB, so the relative cost-effectiveness of this new treatment option needed to be demonstrated.
The objective of this study was to conduct an economic evaluation of voriconazole compared with CAB as primary therapy for invasive aspergillosis. The analysis was carried out using a decision analytical model. The model examined the economic consequences of initiating therapy with either voriconazole or CAB to treat one episode of invasive aspergillosis over 12 weeks. The perspective taken was that of the health care system. As the main burden of care for IA has been shown to be in the hospital sector, 10 the analysis focused on the direct costs of inpatient and outpatient hospital care.
Materials and methods

Development of the model
The clinical management of IA is complex and individuals treated with commonly used antifungal agents may require several changes in therapy either because of a lack of efficacy or the occurrence of treatment-related toxic effects. In order to undertake an economic evaluation, a simplified decision tree based on the clinical management of immunocompromised patients, with definite or probable IA, was developed.
An independent international panel comprising five clinicians from the USA, Canada, UK and Italy, with specialist knowledge and clinical experience with systemic antifungal therapy, was convened. Individuals completed a detailed questionnaire on treatment practices to help ensure that the economic model developed reflected clinical practice. A modified Delphi technique was used to obtain consensus. 22 The panel also advised on additional analyses of GCA data where required. In a subsequent face-to-face meeting they validated the structure, time horizon and assumptions used. Other specific inputs are detailed below.
Model structure
The decision tree designed to estimate the costs and consequences of a typical length of a treated IA episode (12 weeks) is shown in Figure 1 . Following initial treatment with either voriconazole or CAB, patients who had an inadequate response to therapy or who experienced severe toxicity could be changed to any other licensed antifungal therapy (OLAT). The model provided six possible treatment pathways depending on whether or not a patient was changed from initial antifungal (AF) treatment and, if so, for what reason. The pathway options were as follows: no change from initial AF therapy, early change in AF therapy due to severe toxicity (within the first 4 days), change due to non-response, change due to major renal toxicity, change due to major hepatotoxicity and change for any other reason.
For all treatment pathways, the end points of treatment success (cured or improved) or treatment failure (deterioration or no improvement) at 12 weeks were as defined in the GCA 21 study. Survival at 84 days was also assessed.
Direct hospital medical costs associated with the treatment of IA were included in the model. These represented the costs of diagnosis and monitoring of the infection, acquisition of antifungal agents, prophylaxis, treatment and monitoring of AF-related adverse events (drugs and tests). Also included were hospital resources, comprising the length of stay (LOS) in an intensive care unit (ICU) and other non-ICU settings, and outpatient care.
Model inputs
The model developed by the panel was populated with data derived primarily from the GCA study. 21 This included clinical success rates, morbidity and mortality, the probability of changing from initial AF therapy, the duration of initial therapy, the reasons for changing AF therapy, details of other OLATs used in each pathway as well as the health care resources utilized. Data sources are detailed in the relevant tables (Tables 1 -3) . Table 1 summarizes the probabilities of successful treatment, all causes of mortality and change from initial AF therapy to OLAT.
For patients who were not changed from initial antifungal therapy, all the data for the model was directly taken from the GCA study. 21 This included the duration of treatment with initial AF therapy and OLATs, hospital stay (ICU and total) and the number of day hospital and outpatient visits. The duration of antifungal therapy and hospitalization for both voriconazole and CAB arms was censored at 84 days to ensure the same duration of observation.
The average duration of intravenous (iv) treatment with CAB in patients who were not changed from initial therapy was 21 days. In this group, 20% stepped down to oral itraconazole and on average received an additional 7 days of oral therapy. Those who remained on voriconazole received a mean of 14 days of iv treatment followed by 50 days of oral therapy.
Patients who remained on CAB had a mean hospital stay of 18 days compared with 23 days for those who continued on voriconazole, reflecting the increased survival observed in the latter group. The average length of stay in intensive care was 4 days for both groups. Patients who stayed on initial therapy with CAB made three hospital day visits and those continuing on voriconazole made four. Both groups made two outpatients visits.
For patients who were changed to an OLAT, data on resource use and duration of antifungal therapy before the switch were also taken from the GCA, as well as the proportion of each OLAT used in the different pathways. For those who were changed to an OLAT as a result of early severe toxicity, the mean duration of initial AF treatment in both arms was 3 days. For those who changed to an OLAT as a result of non-response, renal toxicity or hepatotoxicity, the average duration of treatment on initial therapy was 16 days for CAB and 26 days for voriconazole.
The proportion of days spent on different OLATs used in the base case for each of the five pathways where patients were changed from initial AF therapy is shown in Table 2 .
Due to the very low number of patients in each OLAT pathway in the GCA study, expert opinion was necessary to ensure consistency of some resource utilization data with clinical practice and with the aggregated results of the GCA trial. This opinion was informed by the clinical trial data and based on the assumptions outlined below. A full course of OLAT treatment was assumed for all changes in therapy. Patients changed to CAB or to liposomal amphotericin B were assumed to have a duration of treatment with these drugs equal to the length of therapy with CAB for non-switch patients in the GCA study. Similarly, patients changed to itraconazole were assumed to have a duration of treatment with itraconazole equal to the length of non-switch voriconazole therapy in the GCA study.
Patients changed to CAB were assumed to have spent an additional 18 days in hospital including four in ICU and to have made three hospital day visits and two outpatient consultations. Those who changed to any other OLAT were assumed to have spent an additional 23 days in hospital including six in ICU and to have made four hospital day visits and two outpatient consultations.
Other resource use data not available from the GCA study 21 were provided by the panel. These data included tests for the diagnosis and monitoring of IA as well as daily doses for drugs used to moderate adverse events resulting from antifungal therapy. The latter included acetaminophen, chlorpheniramine, and meperidine/ pethidine administered with all iv antifungals; hydrocortisone administered with iv CAB; granulocyte -macrophage colony stimulating factor and piperacillin/tazobactam for patients with neutropenia. For both CAB and voriconazole, the frequency of complete blood counts, renal and liver function tests and chest X-rays were estimated at two per week, CT scans at one per week and bronchoalveolar lavage and fungal culture at once during the 12 week time period.
All of the unit costs used in the model are shown in Table 3 . Medication costs for antifungal treatments and drugs prescribed for the prophylaxis and treatment of antifungal adverse events were obtained from the American Hospital Formulary Service Red Book. 23 Medicare fees for service unit costs, including monitoring for side effects, screening for fungal infection, and hospital outpatient care were obtained from the complete St Anthony's ResourceBased Relative-Value Scale (RBRVS). 24 
Model calculations
The model was used to generate a 'weighted' average cost for all patients initially treated with voriconazole or CAB. This was done Percentage of OLAT days from the GCA study (12-week MITT population), calculated as the total days on each OLAT from first change in AF therapy until end of trial divided by the total number of days on all OLATs from time of first change in AF therapy until end of trial. Patients discontinued from CAB for more than 24 h or receiving OLAT, which was later discontinued and then changed back to CAB.
by calculating average costs for each of the six treatment pathways for both arms in the decision tree and then weighting the costs according to the proportional distribution of patients in each treatment pathway (Table 1) .
The cost of antifungal therapy for each pathway was determined by adding the cost of initial AF therapy to the cost of subsequent therapy with OLAT. The cost of initial AF therapy was calculated as a proportion of the cost of a full course of voriconazole or CAB, according to the number of days of therapy, before changing to OLAT. The entire period before the switch was costed as hospital days.
The cost of OLAT therapy in each pathway was obtained by calculating the total cost for individual OLATs and weighting these according to the proportion of days spent on different OLATs ( Table 2) .
The cost per successfully treated patient for voriconazole or CAB was calculated using the weighted average cost in each arm divided by the probability of treatment success in each arm. The cost per survivor for voriconazole or CAB was calculated using the weighted average cost in each arm divided by the probability of survival in each arm. The calculation of the probability of survival used data from all patients who were alive at the end of 12 weeks irrespective of their outcome (treatment success, worsening IA, stable disease or an indeterminate response).
All costs were reported in 2002 US dollars. As costs and benefits of treating IA were examined over a 12 week period, no discounting of future costs or benefits was necessary.
Model assumptions
As observed in clinical practice and in the GCA study, patients who were switched from initial AF therapy may have had several consecutive changes in OLAT over 12 weeks (e.g. CAB to lipid amphotericin B to itraconazole). This is depicted as one change in the decision tree. The proportion of the different OLATs in each treatment pathway however has been defined as a proportion of total days spent on all OLATs in the GCA study, thereby taking all switches in consideration when calculating the cost of treatment (Table 2) . Suspending treatment with CAB for more than 1 day was classified as a change in AF therapy. Patients who switched from CAB to itraconazole because the investigator wanted to step-down from iv infusion to oral treatment remained in the 'no change from initial therapy' treatment pathway as did those who were switched from iv to oral voriconazole. The costs associated with these switches were included in the model.
An average value for resource use was calculated for each treatment pathway irrespective of whether the outcome was success or failure.
Sensitivity analyses
To evaluate the robustness of findings from the model, univariate sensitivity analyses were carried out to examine the impact of sequentially modifying the value of several key variables, including time to change from initial AF therapy, AF costs, and hospital length of stay (LOS) (Figure 2 ). The analyses also evaluated the impact of excluding the resource use where estimates were provided by the expert panel.
To reflect the usage of different formulations of liposomal amphotericin B (LAB) in clinical practice, the impact of using either 100% liposomal amphotericin B (AmBisome) or 100% amphotericin B complex (Abelcet) was examined. As hospitals may purchase antifungals at discounted prices, the effect of decreasing the list price of LABs by 50% was also evaluated.
The average LOS used in the model for patients who do not change from initial AF therapy was higher for voriconazole than for CAB due to significantly better survival, so the impact on the average cost of using the same LOS (total and ICU) for both treatments was examined.
The impact of using OLAT data from the 150-602 protocol of the GCA study, 21 which included mainly North American patients, instead of pooled data from all patients, was studied.
In addition to the above, two scenarios relating to the assumptions for duration of additional treatment and hospital stay in patients switched to different OLAT regimes were tested. For duration of hospital stay, these assumed either a decrease from the base case to 4 ICU days and 10 other hospital days (low case) or an increase to 8 ICU days and 25 other hospital days (high case). For duration of additional treatment with OLATs, these assumed either a decrease from the base case to 14 days of iv treatment with liposomal amphotericin and 37 days of itraconazole treatment (7 days of iv followed by 30 days of oral therapy) (low case) or an increase to 42 days of treatment with liposomal amphotericin B (28 days of iv therapy followed by 14 days of oral itraconazole) and 91 days of treatment with itraconazole (21 days of iv followed by 70 days of oral therapy) (high case).
Results
Average treatment costs
The average weighted cost for the voriconazole arm was lower ($30 664) than for the CAB arm ($34 144), representing an average cost saving of $3481 (10%) per treated patient (Table 4) . Early severe toxicity and major renal toxicity were the main cost drivers in the CAB group.
The relative contribution of different cost components for both arms is shown in Figure 3 .
Cost per survivor and per success
The probability of survival at 12 weeks was higher in the voriconazole arm than in the CAB arm (0.71 versus 0.58) and the average cost per survivor was lower in the voriconazole arm ($43 310 versus $58 971). The average cost per successfully treated patient was also lower with voriconazole than with CAB ($58 100 versus $108 124).
Incremental cost effectiveness
Using base case assumptions, voriconazole was dominant to CAB as first line therapy. It had both a lower total treatment cost and was more efficacious in terms of the number of patients successfully treated and the number surviving at 12 weeks (Table 5 ). The difference in average treatment costs therefore provided a better indicator of product value than an incremental cost effectiveness ratio.
Sensitivity analyses
All 12 scenarios examined showed cost savings for the voriconazole arm confirming that the dominance of voriconazole is robust even when changing key variables (Figure 2) .
The model was sensitive to changes in ICU bed day costs (scenario 4) and the time to switch to OLATs (scenarios 5 and 6). Reducing the cost of LAB (scenarios 8, 10, 11) also had a large impact on cost differentials. However, even when the lowest priced LAB (Abelcet) was assumed as the only LAB (scenario 10), the cost-savings associated with using voriconazole still remained substantial at $2236 (6.5%).
When using OLAT switch data from the 150-602 protocol of the GCA study, 21 including mainly North-American patients (scenario 12) and where a much higher use of LAB than in the pooled GCA study (65% versus 28% of OLAT days) was observed, the cost-saving of using voriconazole increased to $6532.
The impact of changing ICU and hospital days following a change to OLAT resulted in cost savings in favour of voriconazole of $1239 (low case) and $6008 (high case), respectively. The impact of changing length of therapy with OLATs produced cost savings also in favour of voriconazole of $1426 (low case) and $5540 (high case), respectively.
Discussion
This is the first economic study that compares voriconazole with CAB as primary therapy for definite or probable IA in immunocompromised patients. The base case analysis demonstrated that using voriconazole provided an average cost saving of $3481 per treated patient. In addition, voriconazole resulted in a lower cost per survivor (difference of $15 661) and a lower cost per successfully treated patient (difference of $50 024). The findings from this study together with the previously reported results of the GCA study 21 demonstrated that voriconazole provided a saving of direct inpatient and outpatient hospital treatment costs and was a better treatment option in terms of treatment success, survival and safety.
The direct attributable cost of treating IA is high. In this study, the average weighted cost, irrespective of the outcome, was estimated to be $30 664 for voriconazole and $34 144 for CAB. Because of differences in methodology and time periods covered, these results are not directly comparable with findings for IA from other recent studies. 10, 11 However, they are in line with previous estimates of attributable costs. In 1996, Dasbach et al. approximated the cost per patient for hospitalization to be US $51 779. 11 In 1998, hospitalization costs related to the treatment of aspergillosis were estimated at US $36 867, the highest attributable per patient hospitalization cost of all fungal infections. 10 The model in this study was populated primarily with resource use data from the GCA study, 21 a prospective randomized controlled trial. The findings are therefore considerably more reliable than those from previous studies evaluating the economics of presumed 25 -27 or confirmed fungal infection.
28,29
The GCA study had a substantial number of patients in each group, and the criteria used for diagnosis were contemporaneous, practical, validated, standardized, reproducible and similar to those agreed by the EORTC Invasive Fungal Infections Co-operative Group/Mycoses Study Group Consortium. 30 The care received by patients during the study reflected current clinical practice and all patients initially randomized to therapy were followed up for the entire 12 week study period. Although some of the resource utilization data were estimated by the panel, these resources accounted for only 17% of total costs and excluding them in the sensitivity analysis did not alter the cost savings seen when initiating treatment with voriconazole. While some values for duration of length of stay for patients who switched had to be estimated by expert opinion, the total weighted LOS in each arm as calculated by the model was compared with the LOS in the GCA study. The difference was less than 0.2 days for total and less than 0.1 for ICU hospital stay.
For consistency between clinical and resource utilization data, the usage of OLAT was taken from the pooled data of the GCA study. 21 However, when the analysis included a usage of OLAT more closely reflecting US practices, the cost savings with voriconazole nearly doubled. Economic evaluations often use life years gained as the main measure of outcome. However, without long-term survival data for patients with the different underlying conditions represented in this model, it was not possible to provide reliable estimates of life years gained from this study.
Sensitivity analyses showed that the cost savings demonstrated by the model were most sensitive to ICU and general ward bed day costs, the acquisition cost of LAB and the time interval between commencing initial AF treatment and changing to an OLAT. When the cost of general ward days was increased more than three-fold to ICU bed day costs, voriconazole remained cost saving. If Abelcet was considered as the only LAB used, or the daily cost of LAB decreased by 50%, or the daily dose of AmBisome reduced to 3 mg/kg, voriconazole still remained cost saving.
The cost savings achieved with voriconazole compared with CAB increased significantly if the time on initial therapy was increased for voriconazole or decreased for CAB. In the GCA study, 21 investigators were encouraged to maintain patients on CAB for at least 14 days, and the median usage was 10 days (range . 21 This study has demonstrated that current drug switching practices can increase the average cost of treatment with CAB by more than 100% and that early switching due to severe toxicity or major renal toxicity were the main cost drivers in the CAB group. Part of this increased cost resulted from the usage of antifungals such as LAB, which have much higher acquisition costs, and treating AF-related toxicity. These findings are in line with a previous study showing that the occurrence of renal toxicity associated with the use of CAB increased the cost of treatment by $29 823. 25 Despite the less than optimal safety profile of CAB, 31 it often remains the preferred first line option for the treatment of fungal infections because of its broad spectrum of activity and low acquisition cost. Lipid formulations of amphotericin B, developed to improve the risk -benefit ratio, 32 are being increasingly used 33 both as first line and second line treatment, however the daily acquisition costs for the lipid complex (Abelcet) and liposomal amphotericin B (AmBisome) are all much higher than those for CAB or voriconazole. 32 For example, at 2002 prices, the daily cost for a 65 kg patient receiving AmBisome is $1318.80. This is 66 times higher than for CAB and at least five times more costly than voriconazole iv whereas Abelcet at a daily cost of $920 is 46 times higher than CAB and at least three times more costly than voriconazole iv.
23
There are no cost effectiveness studies that have directly compared CAB or voriconazole with one of the lipid formulations in IA. A cost effectiveness study 28 of AmBisome versus CAB, based on retrospective data from 58 transplant recipients with systemic mycoses, indicated that healthcare costs were saved by the reduced usage of other drugs, fewer re-operations and a reduced need for treating adverse events. However, these savings offset only 36% of the acquisition costs of AmBisome. A cost-effectiveness study comparing liposomal amphotericin B to CAB for empirical therapy in febrile neutropenic patients demonstrated superior efficacy for AmBisome but found that total treatment costs for AmBisome were higher than for CAB ($48 962 versus $43 183, P = 0.022). This was despite savings in hospital costs related to lower renal toxicity (18.7% versus 33.7%). 25 The only comparative study published to date of CAB versus LAB in invasive aspergillosis demonstrated lower renal toxicity (25% versus 49%, P = 0.002) but there were no differences in efficacy or survival between the two study arms. 19 The above findings indicate that the economic advantage of using voriconazole would be maintained or even increased when compared to different lipid formulations. However, a review of the literature did not provide sufficient details on resource use with these products to allow a meaningful comparison using this model.
The model used a number of conservative assumptions in favour of CAB treatment. Only one switch in antifungal therapy was assumed for both CAB and voriconazole arms, however, the trend was for a higher number of switches in the CAB arm (1.8 versus 1.6) in the GCA study. 21 While this was taken into account for the drug costs calculations, the other resource use implications of multiple switches were not considered in the model. The resources used in screening and monitoring and the drugs used to minimize adverse events during treatment were assumed to be the same for both treatment arms although expert opinion indicated that there is less use of these resources in patients treated with voriconazole. These factors may therefore overestimate the costs for voriconazole treatment and underestimate those associated with CAB treatment.
Censoring of data at 84 days in both arms was conducted to ensure the same duration of observation in both arms and therefore comparability over the 12 week period. While this period was considered long enough to cover the majority of aspergillosis-related costs, it could bias against CAB treatment because voriconazole resulted in longer survival and likely increased costs associated with the treatment of underlying conditions. In the GCA study, 21 there was a significantly higher proportion of patients with proven IA in the voriconazole arm compared with the CAB arm. As clinical success rates were lower in patients with proven disease (44.8% versus 59.7%), the relative efficacy of voriconazole to CAB is likely to be underestimated. Therefore, the differences in cost per successfully treated patient and cost per survivor may also be underestimated by this model in favour of CAB.
Substantial variations in cost have been demonstrated for different sub-groups. 10, 11 In the GCA study, 21 the number of patients with a specific underlying condition in the various treatment pathways was too small to provide reliable estimates of the impact of a patient's underlying condition on the average weighted cost of treatment. However, the voriconazole and CAB groups were well matched and the clinical outcomes for voriconazole were also superior to those observed with CAB in all of the sub-groups of patients. 21 The differences in resource utilization between voriconazole and CAB arms in the various sub-groups were also consistent with, and comparable to the differences in the total population [Pfizer data on file, 2003]. It is therefore likely that using voriconazole in any population of patients with a diagnosis of IA would result in cost savings when compared with using CAB.
The burden of treating IA is high, accounting for 26% ($674 million) of total annual expenditure on fungal infections in 1998. 10 Over half of this burden is the cost of hospitalization. In a US setting, this study demonstrated the opportunity for savings in direct costs driven by a reduction in hospital costs and additional antifungal medication usage. Therefore, in addition to saving lives, using voriconazole as primary therapy for IA could potentially reduce overall healthcare expenditure.
